An unnamed protein of Aspergillus oryzae RIB40 (accession no. XP 001727378), the amino acid sequence of which shows high similarity to those of formate oxidase isoforms produced by Debaryomyces vanjiriae MH201, was produced in Escherichia coli in C-His 6 -tagged form. The gene product, purified by affinity column chromatography, catalyzed the oxidation of formate to yield hydrogen peroxide but showed no evidence of activity on the other substrates tested. The K m and V max values at 30 C at pH 4.5 were 7.9 mM and 26.3 mole/min mg respectively. The purified enzyme showed UV-visible spectra atypical of ordinary flavoproteins. The UV-visible spectra of the enzyme and the UV-visible spectra, fluorescence spectra, and mass spectrometry of the extract obtained by boiling the purified enzyme suggested that the enzyme has a noncovalently bound FAD analog, which is expected to be 8-formyl-FAD.
The enzymes capable of oxidizing formate to carbon dioxide are classified into formate dehydrogenase (FDH) and formate oxidase (FOD). There are many reports on characterization of FDH from various microorganisms and higher plants and on the cloning and expression of their genes. [1] [2] [3] [4] [5] On the other hand, only two FODs have been purified from Debaryomyces vanrijiae MH201 and Aspergillus nomius IRI013 and characterized. [6] [7] [8] These FODs show similar UV-visible spectra, suggesting the presence of similar cofactors in their molecules.
D. vanrijiae MH201 produces as little as three FOD isozymes, with different pI values. 6) Recently we reported the cloning and expression of three FOD genes, FOD1, FOD2, and FOD3, from the yeast using Escherichia coli.
8) The amino acid sequences deduced from their nucleotide sequences (BAF9891, BAF9892, and BAF9893) suggested that the yeast FOD isozymes have a conserved motif of the FAD binding site, xhxhGxGxxGxxxhxxh(x) 6{9 hxhE (x is any residue and h is a hydrophobic residue) and are to be classified to the glucose-methanol-choline oxidoreductase family. Among the amino acid sequences of the proteins classified in that family, that of the unnamed protein from A. oryzae RIB40 (accession no. XP 001727378) has the highest identity (76%) to those of the yeast FOD isozymes. Also, there is the conserved motif of the FAD binding site in the amino acid sequence of the unnamed protein.
In this report, we describe expression in E. coli of the unnamed protein-encoding gene and characterize of the gene product with a C-His 6 -tag at the C-terminus. The gene product (His-tagged FOD AO ) catalyzed the oxidation of formate to yield hydrogen peroxide, and was more thermostable than the D. vanrijiae FOD or the A. nomius FOD. Spectroscopic analyses of His-tagged FOD AO and the extract obtained by boiling His-tagged FOD AO indicate a possibility that FOD AO has a modified FAD with a molecular mass (MM) of 799, 8-formyl-FAD, as a cofactor.
Materials and Methods
Chemicals. Restriction endonucleases, DNA polymerase, and DNA ligase were purchased from Takara Bio (Otsu, Japan), Toyobo (Osaka, Japan), and Nippon Gene (Tokyo) respectively. Ni Sepharose 6 Fast Flow was from GE Healthcare (Tokyo). MM markers for sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) were purchased from Nacalai Tescue (Kyoto, Japan). MM standard markers for gel filtration were purchased from Sigma (Tokyo). All other chemicals were of molecular biological grade and were of the highest analytical grade available.
Measurement of FOD activity and protein concentration. FOD activity was measured as described previously. 6) One enzyme unit was defined as the amount of enzyme that produces 1 mmole hydrogen peroxide per min at pH 4.5 at 30 C, when the concentration of formate is 5 mM. To determine the optimum pH, the FOD activities at 30 C were measured at various pH levels. To determine the optimum temperature, the FOD activities at pH 4.5 were measured at various temperatures. Protein concentrations were determined by the method of Bradford, 9) with minor modifications, using Coomassie Protein Assay Reagent (Nacalai Tesque), with bovine serum albumin as the standard. Specific activity was expressed as units per mg of protein.
y To whom correspondence should be addressed. Tel: +81-776-27-8931; Fax: +81-776-27-8747; E-mail: uchida@u-fukui.ac.jp DNA sequencing. DNA sequencing was performed by the Sanger dideoxy chain termination reaction method, using the BigDye Terminator Cycle sequencing kit (Applied Biosystems, Tokyo) on an automated DNA sequencer (model PE PRISM 3100-Avant; Applied Biosystems).
Production of His-tagged FOD AO . Total RNA of A. oryzae RIB40 was isolated using Isogen (Nippon Gene, Tokyo) and full-length cDNA encoding FOD AO was prepared using a reverse transcription-PCR (RT-PCR) kit from Takara Bio (Ohtsu, Japan). Oligo dT adapter primer with the M13M4 sequence was used as the reverse transcription primer (attached to the kit). The PCR primers used were as follows: forward primer 5 0 -GGAATTCCATATGGCTACCGATGGATCTCA-3 0 , with a NdeI restriction site (underlined), and reverse primer 5 0 -TAACTATGCGGCCGCGTAAAGATCCTTGTGCTCGG-3 0 , with an NotI restriction site (underlined).
The RT-PCR product was inserted into the NdeI-NotI sites of pET22b(+) expression vector (EMD Bioscience, Darmstadt, Germany). The resulting vector, pET22b-FOD AO , was used to transform E. coli novablue (EMD Bioscience). Plasmid DNA isolated from the transformed E. coli novablue was sequenced and used to transform expression host strain E. coli BL21 (DE3) (EMD Bioscience). A single colony of the transformant was grown at 37 C overnight in 5 ml of LB medium containing ampicillin (100 mg/ml). The culture broth was diluted with LB medium containing ampicillin (100 mg/ml), and was incubated until the absorbance at 600 nm reached 0.6, followed by treatment with 0.1 mM isopropyl--D-thiogalactopyranoside (IPTG) at 20 C for 8 h. Cells obtained by centrifugation were suspended in 20 mM imidazole buffer, pH 6.2, and disrupted using an ultrasonic generator. Cell debris was removed by centrifugation, and the supernatant was used to measure FOD activity.
Purification of His-tagged FOD AO . The transformed E. coli BL21 (DE3) was grown in 1,000 ml of LB medium containing ampicillin (100 mg/ml), and was treated with 0.1 mM IPTG, as described above. Harvested wet cells obtained by centrifugation were suspended in 20 mM imidazole buffer, pH 6.2, and disrupted with an ultrasonic generator. The cell debris was removed by centrifugation. The supernatant was applied to a column of Ni Sepharose 6 Fast Flow (bed volume 3 ml) equilibrated with 20 mM imidazole buffer, pH 6.2, containing 0.5 M NaCl. The column was washed with the equilibration buffer and treated with a 500 mM imidazole buffer, pH 6.2, containing 0.5 M NaCl. Fractions showing FOD activity were combined and dialyzed against 10 mM acetate buffer, pH 5.5. During dialysis, precipitation of proteins occurred. After centrifugation to remove the precipitate, the supernatant was stored at 4 C.
Gel electrophoresis. SDS-PAGE was carried out by the method of Laemmli 10) with a precast 5-20% polyacrylamide gel (Anatech, Tokyo) under denaturing conditions. After electrophoresis, the gel was stained for protein with Coomassie Brilliant Blue R-250. The MM markers were pre-stained -galactosidase (MM, 114 kDa), bovine serum albumin (MM, 84 kDa), ovalbumin (MM, 47.3 kDa), carbonic anhydrase II (MM, 31.3 kDa), soybean trypsin inhibitor A (MM, 25.7 kDa), and lysozyme (MM, 17.4 kDa).
Western blot analysis. D. vanrijiae MH201 was cultivated, and FOD was purified from the cell-free extract, as described previously. 6) Rabbit anti-serum against purified yeast FOD was prepared by Keari. (Osaka, Japan). The proteins separated by SDS-PAGE were electroblotted onto a polyvinylidene difluoride (PVDF) membrane (Bio-Rad, Tokyo). The blotted proteins were reacted with the anti-serum and then a secondary antibody (anti-rabbit horseradish peroxidase-linked IgG antibody), followed by visualization using 3,3 0 -diaminobenzidine tetrahydrochloride as a peroxidase substrate.
Measurement of MM by gel filtration. The MM of the native enzyme was estimated by gel filtration using TSKgel BioAssist G2SW XL (Tosoh, Tokyo) equilibrated with 50 mM acetate buffer, pH 5.5, containing 0.3 M NaCl. The MM markers used were apofirritin (MM, 443 kDa), amylase (MM, 200 kDa), alcohol dehydrogenase (MM, 150 kDa), albumin bovine serum (MM, 66 kDa), and carbonic anhydrase (MM, 29 kDa).
Extraction of the cofactor. The purified His-tagged FODAO was heated at 100 C for 10 min, leading to gel formation. After the addition of small amount of a NaCl, centrifugation was done. The supernatant was applied to a Cosmosil-C18 column equilibrated with ultra-pure water. After the column was washed with water, the colored compound binding was eluted with methanol. The colored fractions were collected, evaporated, and used in spectroscopic analysis.
Spectroscopic analysis. UV-visible spectra were recorded with a U-2001 spectrophotmeter (Hitachi, Tokyo) at room temperature. Fluorescence spectra were recorded with a Jasco FP-777 spectrofluorometer at room temperature at a spectral bandwidth of 1 nm. The equipment used for measurements of mass spectomeryy (MS) consisted of a pump, the gradient unit, the degasser, the column oven, the UV detector, and a quadrupole ion trap mass spectrometer (Agilent 1100 series, Agilent Technologies , Santa Clara, CA; LCQ Advantage, Thermo Electron, Waltham, MA). Aliquots of 20 ml were loop-injected onto aTSK-gel ODS-100 V column (250 mm Â 5 mm, Toso). The mobile phase consisted of 10% acetonitrile/0.2% formic acid. The flow rate was 1.0 ml/min and column temperature was 40 C. The electrospray ionization (positive ion mode; ESI+) technique was used as the ion source, and the ESI needle voltage was 4.5 kV. The temperature and voltage of the ion transfer capillary were set at 200 C and 10 V. For the MS 2 experiment, the activation amplitude for the parent ion was set to 20%.
Results and Discussion
Production and purification of His-tagged FOD AO E. coli BL21 (DE3) transformed with pET22b-FOD AO was treated with 0.1 mM IPTG at 20 C for 8 h. Cell-free extract from the transformant catalyzed the oxidation of formate to yield hydrogen peroxide. The formate oxidase was purified from the cell-free extract with a Ni Sepharose column, followed by dialysis against 10 mM acetate buffer, pH 5.5. During dialysis, some proteins precipitated, but precipitation led to little decrease in FOD activity. After centrifugation, the supernatant showed specific activity for formate of 12.7 mmoles/min mg.
MM and subunit structure
On SDS-PAGE, the His-tagged FOD AO preparation showed a single protein band corresponding to an MM of 61 kDa (Fig. 1A) , comparable to MM (65530.32) as calculated from the amino acid sequence of His-tagged FOD AO . The protein band reacted with anti-serum against FOD from D. vanrijiae MH201. The MM of His-tagged FOD AO was estimated to be 104 kDa by gel filtration (data not shown). These results indicate that FOD AO was composed of two identical subunits, as are the D. vanrijiae FOD and the FOD from A. nomius IRI013.
6,7)
UV-Visible spectra The purified FOD AO showed a UV-visible spectrum with maxima at 368, 440, and 478 nm and with shoulders at 512 and 577 nm (Fig. 1B) . The purified FOD AO , reduced with dithionite under anaerobic conditions showed a UV-visible spectrum atypical of flavoproteins, in that reduction of FOD AO results in an increase in absorbance at 433 nm. The spectrum of the reduced enzyme was similar to that of photochemically reduced form in the presence of glycine and the 5-deazaflavin of a mutated lactate oxidase R268K from Aerococcus viridance, which contains 8-formyl-FMN: The reduction leads to the appearance of a peak at 425 nm, which is ascribed to the formation of a semiquinone type of 8-formyl-FMN.
11) The reduced FOD AO might contain a fairly stable semiquinone form of flavin.
The spectrum (above 400 nm) of the reduced FOD AO was more similar to those of the D. vanrijiae FOD and the A. nomius FOD than to that of the untreated FOD AO , suggesting that the D. vanrijiae FOD and the A. nomius FOD are fairly reduced. 6, 7) Although the purified FOD AO was partially reduced due to the presence of the peak at 440 nm, oxidation by ferricyanide resulted in little spectrum change.
Substrate specificity
The FOD AO preparation had no activity on methanol, ethanol, formaldehyde, glyoxilic acid, or choline. Neither NAD þ nor NADP þ worked as an electron acceptor. The substrate specificity of FOD AO was the same as that of the D. vanrijiae FOD, but was different from that of the A. nomius FOD, which is active on glyoxilic acid. The K m and V max values of the purified FOD AO for formate at pH 4.5 at 30 C were 7.9 mM and 26.3 mmole/min mg respectively. The K m and V max A, Lane 1, pre-stained protein marker; lanes 2 and 3, purified His-tagged FAD AO visualized by protein-staining and using antiserum for FOD from D. vanrijiae MH201 respectively. B, Purified His-tagged FOD AO solution was bubbled with N 2 to remove O 2 , followed by the addition of a small amount of sodium dithionite, incubation at room temperature for 5 min, and measurement of the UV-visible spectrum. Solid line, before reduction; broken line, after reduction with dithionite. values were comparable to those of the D. vanrijiae FOD and the A. nomius FOD.
6,7)
Effects of pH and temperature on enzyme activity and stability
The purified FOD AO was most active at pH 4.0 and showed activities in excess of 90% after treatment at pH 4.0-8.0, 4 C overnight. The enzyme was most active at 35 C and retained 98 and 48% of it activity following treatment at 40 and 45 C respectively for 30 min. Treatment of the D. vanrijiae FOD and the A. nomius FOD at 40 C for 30 min led to a complete loss of activity.
6,7) FOD AO was more thermostable than the D. vanrijiae FOD or A. nomius FOD.
Cofactor analysis
The extract obtained by boiling the purified His 6 -tagged FOD AO showed a UV-visible spectrum with maxima at 355 and 464 nm, and FAD did so at 375 and 455 nm ( Fig. 2A) . When excited at 460 nm, the extract showed pH-dependent fluorescence at 540 nm and FAD did so at 528 nm (Fig. 2B) . The emission maximum shown by the extract shifted by 12 nm as compared with that shown by FAD, and there was little difference in pH the dependencies of the fluorescence as between the extract and FAD (Fig. 2C) . When an emission wave length of 540 nm was used, the extract showed a pH-dependent fluorescence excitation spectrum with maxima at 355 and 449 nm, and FAD did so at 365 and 449 nm (Fig. 2D) . The extract showed a hypsochromic shift of the absorption band or the fluorescence band in the near-UV region, as compared with FAD, a characteristics of 8-substitude flavins. [12] [13] [14] [15] [16] [17] 8-(N-Histidyl)-FAD and peptides having covalent flavins with a histidyl linkage at the 8 position are reported to exhibit a characteristic increase in fluorescence below pH 7.0. 12, 14, 17) These results together with the presence of a conserved motif of the FAD binding site in the molecule of FOD AO suggest that FOD AO contains a non-covalently bound FAD analog with a modification on the isoalloxazine ring, and that the modified FAD is 8-substituted FAD.
The extract reduced with dithionite under anaerobic condition showed a UV-visible spectrum with maxima at 330, 394, and 470 nm and with a shoulder at 546 nm (Fig. 3A) : The reduction resulted in decreases in absorbance at 351 and 466 nm and increases in absorbance at 323, 395, and 540 nm. This spectrum of the reduced extract is similar to those of 8-formyltetraacetyl riboflavin reduced with dithionite and photochemically reduced 8-formyl FMN. 11, 13) In the cases of 8-formyltetraacetyl riboflavin and 8-formyl-FAD, absorbance maxima at 390 and 520 nm and at 320, 392, 520 nm are observed, respectively. This is to be ascribed to their semiquinone forms. Also, the spectrum of the untreated extract was similar to those of the 8-subsituted flavins. A, Extract from purified His-tagged FOD AO was bubbled with N 2 to remove O 2 , followed by the addition of a small amount of sodium dithionite, incubation at room temperature for 5 min, and measurement of the UV-visible spectrum. Solid line, before reduction; broken line; after reduction with dithionite. B, Purified His-tagged FOD AO solution and 100 mM formate were bubbled with N 2 to remove O 2 , followed by the addition of 50 ml of 100 mM formate to 950 ml, the enzyme solution, incubation at room temperature for 5 min, and measurement of the UVvisible spectrum. Solid line, before reduction; broken line, after reduction with formate. C, Difference spectrum of FAD analog and FOD AO (subtracting before reduction from after reduction). Solid line, FAD analog; broken line, FOD AO .
The purified FOD AO treated with formate under anaerobic conditions showed a UV-visible spectrum with maxima at 380, 439, and 476 nm, with a shoulder at 320 nm (Fig. 3B) : The reduction resulted in decreases absorbance at 350 and 420-510 nm and increases in absorbance at 320, 400, and 540 nm. This spectrum change together with the spectrum change of the modified FAD induced by its reduction by dithionite suggests that the modified FAD serves as an electron carrier during the oxidation of formate by FOD AO , and that the conversion from the oxidized form to the semiquinone form of modified FAD might occur during oxidation.
The MM of the modified FAD was determined by LC/MS analysis. The extract showed a main peak and several minor peaks on LC (data not shown). MS analysis of the main peak showed a predominant ion at m=z 800 (Fig. 4A) , whereas that of FAD showed a predominant ion at m=z 786 (Fig. 4B) . After fragmentation of the ion at m=z 800, fragment ions at m=z 348 and 453 were observed (Fig. 4C) . Fragmentation of the ion at m=z 786 resulted in the appearance of fragment ions at m=z 348 and 439 (Fig. 4D) , which is to be ascribed to AMP and FMN moieties respectively. 18, 19) These results indicate that the MM of the modified FAD is 799, which corresponds to the MM of 8-formyl FAD.
These spectroscopic analyses suggest the possibility that FOD AO contains non-covalently bound 8-formyl FAD as a cofactor. The mutated lactate oxidase R268K, which contains 8-formyl-FMN, shows little activity. This report might be first on 8-formyl FAD and a functional flavopreotein with non-covalently bound 8-substituted flavin. There were some similarities in the UV-visible spectra of the purified FOD AO , the D. vanrijiae FOD, and the A. nomius FOD. 6, 7) In the UV-visible spectrum of the extract from the D. vanrijiae FOD, a hypsochromic shift of the absorption band in the near-UV region, as compared with FAD, was observed. The wild type of FOD might have 8-formyl FAD as a cofactor. Confirmation of the structure of the modified FAD and its further characterization are now in progress. 
